Abstract. High aerosol optical depth (AOD) values, larger than 0.6, are systematically observed in the Ultraviolet (UV) region both by sunphotometers and lidar systems over Greece during summertime. To study in more detail the characteristics and the origin of these high AOD values, a campaign took place in Greece in the frame of the PHOEN-ICS (Particles of Human Origin Extinguishing Natural solar radiation In Climate Systems) and EARLINET (European Aerosol Lidar Network) projects during August-September of 2003, which included simultaneous sunphotometric and lidar measurements at three sites covering the north-south axis of Greece: Thessaloniki, Athens and Finokalia, Crete. Several events with high AOD values have been observed over the measuring sites during the campaign period, many of them corresponding to Saharan dust. In this paper we focused on the event of 30 and 31 August 2003, when a dust layer in the height range of 2000-5000 m, progressively affected all three stations. This layer showed a complex behavior concerning its spatial evolution and allowed us to study the changes in the optical properties of the desert dust particles along their transport due to aging and mixing with other types of aerosol. The extinction-to-backscatter ratio determined on the 30 August 2003 at Thessaloniki was approximately 50 sr, characteristic for rather spherical mineral particles, and the measured color index of 0.4 was within the typical range of values for desert dust. Mixing of the desert dust with other sources of aerosols resulted the next day in overCorrespondence to: D. Balis (balis@auth.gr) all smaller and less absorbing population of particles with a lidar ratio of 20 sr. Mixing of polluted air-masses originating from Northern Greece and Crete and Saharan dust result in very high aerosol backscatter values reaching 7 Mm −1 sr −1 over Finokalia. The Saharan dust observed over Athens followed a different spatial evolution and was not mixed with the boundary layer aerosols mainly originating from local pollution.
D. Balis et al.: Optical characteristics of desert dust over the East Mediterranean
Every year large quantities of dust are injected into the atmosphere over the deserts. Strong winds can blow sand from desert regions into the free troposphere, from where then it is advected over large distances (e.g. Prospero and Carlson, 1972; Prospero et al., 2002; Israelevich et al., 2003; Kubilay et al., 2005) . Most of these particles are coarse (diameter ≥1 µm) and are thus deposited close to the source region, while the smaller particles (diameter around 0.5-1 µm) can be transported over large distances. An estimation of the emission flux of desert aerosols that is subject to long-range transport is of the order of 1500 Tg/yr (Wafers and Jaenicke, 1990) .
At a global scale, the Sahara desert is the most important source of mineral aerosols. For the Saharan dust region it is estimated that every year about several hundred million tons (Prospero, 1996) up to one billion tons (D'Almeida, 1986) of desert dust are exported to the tropical North Atlantic Ocean and the Mediterranean Sea (Prospero and Carlson, 1972; Prospero et al., 1993; Prospero, 1999; Rodriguez et al., 2001) . Aerosol optical properties derived from the Advanced Very High Resolution Radiometer (AVHRR) classified the Mediterranean Sea as one of the areas with the highest aerosol optical depths in the world, as reported by Husar et al. (1997) , which mostly occurs during Saharan dust outbreaks.
Long-range transport of desert dust mainly takes place in the free troposphere (e.g. Prospero and Carlson, 1972; Hamonou et al., 1999; Murayama et al., 2001 , Amiridis et al., 2005 , where the aerosol lifetime is of the order of two weeks. As a consequence, ground-based and space-borne passive remote sensing, which provide columnar estimates of the aerosol loading cannot be used to quantify the radiative effects of mineral dust particles accurately. In addition, when visible wavelengths are used in the retrieval, thin dust plumes often remain undetected over continents because of poor knowledge of the surface reflectance characteristics, which vary with daytime and season. Dust often remains unresolved when the outbreaks are associated with cloud (cirrus) formation. In view of these shortcomings, complementary approaches to column-integrated observations are clearly required. Lidar measurements, depending on their configuration, provide detailed information for the vertical distribution of the optical properties of the aerosols.
The European Aerosol Research Lidar Network (EAR-LINET) (Bösenberg et al., 2001) , as well as the Asian dust network (Murayama et al., 2001) , provided coordinated measurements during outbreaks of desert dust. Lidar observations during the whole period of the EARLINET project (2000) (2001) (2002) showed frequent transport of Saharan dust to Southern Europe and occasionally to Northern Europe. For the Eastern Mediterranean region, Papayannis et al. (2005) showed that multiple distinct dust layers of variable thickness (200-3000 m) were systematically observed in the altitude region between 1.5 and 6.5-km height above sea level. For Northern Europe, Ansmann et al. (2003) , described in detail a dust outbreak that almost reached Scandinavia and affected most of the EARLINET stations. This event provided a unique opportunity to study the temporal and spatial evolution of the dust optical properties as estimated by the lidar measurements. Müller et al. (2003) analysed the same event in synergy with sunphotometric data and provided detailed characterization of the geometrical and optical properties of Sahara dust over Leipzig. Based on lidar measurements during Saharan dust events in Thessaloniki, Greece, showed that the mixing of the pollution boundary layer and maritime aerosols obstructs the separation or even detection of dust in the lidar measurements, since the estimated optical properties are not representative for desert dust. Amiridis et al. (2005) , in a statistical investigation of lidar derived aerosol optical properties over Thessaloniki, during EARLINET, showed that maximum values of aerosol optical depth (0.9) and lidar ratio (50sr) at 355nm over Thessaloniki, were seen for days associated with Saharan dust transport over the area, as well as with local pollution. During these episodes, free tropospheric particles contribute between 30-54% to the total tropospheric aerosol optical depth.
An event of long-range dust transport to the southeastern parts of Europe, observed during a short campaign organized in the frame of the EU funded project PHOENICS, is presented here. The campaign took place in the Eastern Mediterranean during summertime (although not a typical dust period) involving three stations, to study the aerosol loading characteristics over the area. During this period, a systematically high aerosol load is observed over the area when pollution, biomass burning, dust and maritime aerosols are mixed. Long-term measurements of aerosols over Crete, together with back trajectory analysis have shown that dust transport occurs in the free troposphere during summer (Mihalopoulos, unpublished data). Thus, dust physicochemical characteristics during summer can be performed by lidar. The measurements presented here provided the opportunity to study in detail the spatial and temporal evolution of the optical properties of the Saharan dust under the complex aerosol mixing conditions prevailing in the area.
The study combines the observations from three lidar instruments (at Thessaloniki, Athens and Finokalia, respectively) with aerosol optical depth (AOD) observations by a Brewer spectroradiometer and by a CIMEL sunphotometer and with 3-D trajectory analysis (HYSPLIT model).
The lidar data obtained at all three stations are discussed in terms of profiles of the particle backscatter coefficient, aerosol optical depth, lidar ratio, andÅngström exponent of backscatter (so-called "color index") calculated from spectrally resolved backscatter coefficients. Finally, the lidar data are compared with dust concentration calculated by the Dust REgional Atmospheric Modelling (DREAM) model. Table 2 one can also find the results from the three intercomparisons at both the system and algorithm level which took place during EARLINET, for both lidar systems Böckmann et al., 2004; .
BREWER spectroradiometer
The Brewer spectroradiometer is a double monochromator consisting of two identical spectrometers equipped with holographic diffraction gratings (3600 lines/mm) operating in the first order. The operational spectral range of the instrument for the global irradiance measurements is 287.5-366.0 nm, and its spectral resolution is 0.55 nm at full width at half maximum (FWHM). The absolute calibration is maintained by scanning every month a 1000-W quartz-halogen tungsten lamp of spectral irradiance, traceable through Optronic Laboratories Inc., to the National Institute of Standards and Technology (NIST) standards. According to the provider, the uncertainty of the 1000-W calibrated lamps is within ±2.5% (1σ ), while an additional ±2% should be expected from the transfer of the calibration to our working standards. The methodology of the AOD retrieval is described in .
CIMEL sunphotometer
The sunphotometric observations reported in this paper performed by a CIMEL sun-sky radiometer, which is part of the PHOTON/Aerosol Robotic Network (AERONET) Global Network. The sunphotometer is located at the roof of the Hellenic Center of Marine Research, on the north coast of Crete outside the city of Heraklion and at a distance of 20 km from Finokalia. The technical specifications of the instrument are given in detail by Holben et al. (1998) . This automatic sun-tracking and sky-scanning radiometer makes direct sun measurements with a 1.2 • field-of-view, in the spectral bands of 440, 675, 870, 940 and 1020 nm. Taking into account all the information about the instrument precision, calibration precision and data accuracy (Holben et al., 1998) , the accuracy of the presented AOD measurements is estimated to be of the order of ±0.02 regarding the level 2 (cloud-screened and quality-assured) data (http://aeronet.gsfc.nasa.gov/) and of the order of ±0.03 regarding the level 1.5 (cloud-screened) data. Taking the ratio between the AOD at wavelength λ 1 =440 nm and λ 2 =870 nm, one can derive theÅngström exponent, α, which provides the spectral dependence of the AOD λ in the visible domain. TheÅngström exponent value depends mostly on the aerosol size distribution. According to Moulin et al. (1997) small or even negative values of a are found for large particles, such as sea salts or desert aerosols. In background marine conditions with a mixture of large sea-salt and small sulphate particles, Tomasi and Prodi (1982) and Hoppel et al. (1990) , measured meanÅngström exponent values of 0.6 and 0.8, respectively, for the remote marine atmosphere, and they attributed its variability (0.4 to 1.5) to the sea salt contribution. Indeed, the slightly negative Angström exponent of large sea salt particles produced by the wind (-0.1, Moulin et al., 1997) tends to decrease the average value of the sea salt and sulphate mixture. Numerous works showed that where desert dust particles are present the Angström exponent generally ranges between 0 and 0.5 over Africa (Holben et al., 1991) and over marine remote regions (Carlson et al., 1977) . This parameter, in conjunction with the higher optical depths which are usually observed when desert particles are present, will thus be used to characterize the Saharan dust advected over the lidar station of Finokalia, close to where CIMEL observations are available.
The DREAM model
An integrating modelling system, the Dust REgional Atmospheric Modelling model (Nickovic et al., 2001) , was used for the description of the dust cycle in the atmosphere. It is based on the SKIRON/Eta modelling system and the Eta/NCEP regional atmospheric model. The dust modules of the entire system incorporate the state-of-the-art parameterizations of all the major phases of the atmospheric dust life, namely production, diffusion, advection, and removal. These modules also include the effects of the particle size distribution on aerosol dispersion. The dust production mechanism is based on the viscous/turbulent mixing, shear-free convection diffusion, and soil moisture. In addition to these sophisticated mechanisms, very high resolution databases (down to 1 km×1 km), including elevation, soil properties, and vegetation cover are utilized. DREAM has been delivering operational dust forecasts over the Mediterranean region in the last years (recently at http://www.bsc.es/projects/ earthscience/DREAM). In the operational version, for each soil texture type, fractions of clay, small silt, large silt and sand are estimated with typical particle size radii of 0.73, 6.1, 18 and 38 µm, respectively. After long-range transport, only the first two particle size bins are relevant for the analysis since their lifetime is larger than approx. 12 h.
Results and discussion

Seasonality of AOD over Thessaloniki
Since 1997, aerosol optical depth (AOD) has been monitored by a double Brewer spectroradiometer over Thessaloniki, based on absolutely calibrated direct Sun spectra in the 295-365 nm region (Marenco et al., 1997; . The observed values are relatively high with an overall mean value of 0.45±0.11. Systematically, the highest values are observed during summertime and especially during August, reaching monthly mean AOD values larger than 0.60. The corresponding mean annual variation of the Angstrom exponent (not shown here) does not show a seasonal variation, which makes the attribution of the systematically observed high aerosol loads to a distinct aerosol source difficult (e.g. Saharan dust). The origin and the evolution of these high summertime aerosol values was the main subject of the campaign which took place during August-September 2003 at three sites in Greece. The orientation of the axis (northsouth) joining the three sites coincides with common paths of Saharan dust transport over Greece (Papayannis et al., 2005) , while the station of Thessaloniki is also very sensitive to trans-boundary transport of gaseous pollutants and aerosols from Central and Eastern Europe (e.g. Zerefos et al., 2000; Mihalopoulos et al., 1997; Lelieveld et al., 2002 , Amiridis et al., 2005 . In the next paragraphs the dayto-day variability of the aerosol optical depth at Thessaloniki and are attributed to local and/or transported pollution from mainland Greece. However, the signature of the Saharan dust events is more discrete on the variability of AOD and Angström exponent over Crete than over Thessaloniki. This is expected since the measuring site is closer to the Saharan desert and thus dust particles are less affected by deposition and mixing with particles from other sources. Figure 3 shows measurements of the AOD, together with the measurements of Ca 2+ ions which can be used as an indicator for the presence of dust at the Earth's surface for the period 28 August 2001 to 15 September 2001. It is evident from this figure that high AOD values were always accompanied by high ion concentration with a delay of 1-2 days, providing some indication for the dry deposition processes.
Saharan dust event during 30-31 August 2003
The Saharan dust event which took place on 30 and 31 Au- The air masses that were present over Thessaloniki below 2000 m (i.e. in the boundary layer) were of rather local origin, since the air was lifted from the surface up to 2 km one day before. Between 3000 and 5000 m, the back-trajectories indicate another aerosol layer that has been lifted to the free troposphere from the Western Saharan desert 2-4 days before 30 August. The day after, the same Saharan dust midtropospheric layer reached Finokalia, Crete, as indicated by the back-trajectories ending at Finokalia at 12:00 UTC on 31 August 2003 (Fig. 4b ). In the PBL over Finokalia, the air masses originated from the NE and again seem to advect air masses from surface sources that were lifted within the PBL one day. In the free troposphere, the air masses originated again from the Western Sahara and have passed over Thessaloniki almost one day before reaching Crete. The vertical air motions at both sites, seen in Figs. 4a and b (levels 3-5 km), further verify the common origin of these air masses. They are similar, shifted by one day. Based on statistics during 2000 (Papayannis et al., ILRC, 2004 , this air circulation pattern represents only a small percent (5%) of the observed dust flows over the Mediterranean and occurs mostly in early spring and late summer over the Eastern Mediterranean. At the Athens lidar station, which lies along the north-south axis between Thessaloniki and Crete, dust was also observed during the same two days period. Figure 4c shows the origin of the air masses arriving over Athens on 31 August. These four-day back-trajectories confirm the Saharan origin of the air over Athens, although these air masses followed a different route than the ones reaching Thessaloniki and Finokalia, and also with distinct characteristics of the vertical motions at the free tropospheric levels. The first layer has a local origin inside the PBL and the second layer with backscatter coefficients up to 3 Mm −1 sr −1 lies between 3000 and 4000 m. According to the backtrajectories, this second layer contains desert dust. During the evening of the second day it seems that mixing took place between these two layers, resulting in a decrease in the aerosol backscatter with height, showing, however, significant aerosol load with a backscatter coefficient around 2 Mm −1 sr −1 , up to 3-km height. Figure 5b depicts Fig. 4 , level 3 km) and becomes mixed with air masses originating from the boundary layer and also probably polluted air advected from mainland Greece and Turkey (see Fig. 4b , layers below 2 km). This mixing results in high aerosol loading at 2-3 km, reaching backscatter values close to 7 Mm −1 sr −1 . In the afternoon most of this aerosol fades into the mixing layer (below 1 km) and becomes further mixed with local air-masses, however the significant aerosol load remains in the free troposphere with backscatter coefficient values close to 2 Mm −1 sr −1 . Figure 5c presents the aerosol backscatter coefficient measured over Athens during the same two days. The observed variability over Athens is much different than the one observed over Thessaloniki and Finokalia. During both days high backscatter coefficient values up to 7 Mm −1 sr −1 were observed below km, associated with local pollution from the greater Athens area. An elevated layer at 4 km is present over Athens after 16:00 UTC on 30 August, which was not observed over Thessaloniki. The next day around noon a layer of moderate aerosol loading (3 Mm −1 sr −1 ) is present at 5 km and penetrates down to the PBL in the afternoon. Both elevated layers, according to the trajectories (Fig. 4c) originate from the Western Sahara, following, however, different paths, relative to the ones observed over Thessaloniki and Finokalia. Figure 6 presents the analysis of the cloud cover (upper panel), dust load (middle panel) and dust dry deposition (lower pannel) for these two days as estimated by the DREAM model. It is obvious from the cloud cover analysis that both days were characterized by cloudless sky conditions over entire Greece, which facilitated continuous lidar and sunphotometric measurements which were not biased by the presence of clouds. The middle panel of of the spatial evolution of the event as observed at Thessaloniki, Finokalia and Athens. Next we present in more detail some optical characteristics of the observed dust layers over Thessaloniki and Athens where Raman lidar measurements were available. Figure 7 shows the vertical profiles of the backscatter coefficients at 355 and 532 nm, the vertical profile of the dust concentration simulated by the DREAM model and the vertical profile of the lidar ratio and the color index measured over Thessaloniki on 30 and 31 August 2003 around 17:00 UTC. The calibration height for the calculation of the backscatter coefficient was set in a height region with negligible particle load considered as an aerosol-free region. The uncertainties of the color index in terms of calibration errors can be regarded as negligible when they are compared to the uncertainties caused by a misestimation of the lidar ratio at 532 nm, where no Raman channel is available. For the retrieval of the color index we used at both wavelengths the measured lidar ratio at 355 nm. An uncertainty of 10 sr in the retrieval of the backscatter coefficient at 532 nm can introduce a difference of 0.25 in the color index under moderate aerosol loading. The weak dependence of the backscatter coefficient on the wavelength observed on 30 August indicates the presence of large particles and provides further evidence of Saharan dust aerosols. There is a good agreement on the thickness and location of the dust layer between the model simulation and the lidar measurements. The observed backscatter coefficient values on 31 August are larger than the days before and the shape of the profile indicates wellmixed aerosols up to 4500 m. The dust simulation, however, shows a layer at about 3000 m. In addition, the estimated concentrations are 3 times less than the day before, which, in conjunction with the dry deposition forecast from the DREAM model (lower panel of Fig. 6 ), indicates the possible removal of dust from the air-masses during this one-day period. On 30 August, the observed lidar ratios show a distinct layer above 3000 m with a mean value close to 50 sr, which coincides with small color index values below 0.5. Both values are typical for desert dust (Mattis et al., 2002; Ansmann et al., 2003; . Below this layer, the color index and the lidar ratio values are larger, indicating the existence of a different type of aerosols and the absence of significant mixing processes in the vertical, also verified by the trajectories shown in Fig. 4 . On 31 August the observed lidar ratio is rather constant with height. Although the air-masses contain dust, the lidar ratio and the color index profiles show mean values of less than 20 sr and larger than 1, respectively, which are not representative for mineral dust particles. also reported such cases where dust has been forecasted (and trajectory analysis confirmed the forecast), but the observed profiles showed values of the lidar ratio and color index which do not correspond to modeled values of mineral particles. This disagreement between the model forecast and the higher backscatter coefficients provides an indication that mineral dust has been well mixed with other types of aerosols, resulting in (a) higher aerosol loading and (b) a different lidar ratio. According to the observed small lidar ratio values, dust should have been mixed mostly with maritime aerosols and the dust contribution to the overall aerosol loading should be small. Balis et al. (2004) have shown that over Thessaloniki mixing of dust with other aerosol types is common. This fact makes the separation of dust in the profiles difficult, or even impossible. during the early morning hours. On the contrary, on the 31 August the simulated dust concentration over Finokalia is half that the one calculated over Thessaloniki on 30 August, although the backscatter profiles observed at Finokalia at 06:00 UTC on 31 August are larger than the ones observed at Thessaloniki the day before. This also supports that mixing of dust and pollution aerosol took place over Finokalia in the morning hours of 31 August 2003. Figure 9 presents the vertical profiles of the aerosol backscatter coefficients obtained over Athens at 355 and 532 nm, profiles of the simulated dust concentration and profiles of the color index around 12:00 UTC on 30 and 31 August, respectively. The aerosol backscatter coefficient ranges between 1 and 2.5 Mm −1 sr −1 values, quite close to the observations over Thessaloniki on the same day. The dust concentration profiles calculated by the DREAM model show much more dust over Athens on 31 August than on 30 August, in agreement with the lidar observations. For both days the model reproduces the shape of the dust profiles in the free troposphere compared to the lidar measurements. On 30 August the observed color index profile shows values ranging from 0.5 to 1.9 within the 1000 and 6000-m height interval. The lowest color index values (less than 1) correspond well to the dust layer heights (at 2500 m and 4000-5000 m) observed during that day over Athens. On 31 August when the dust event becomes more intense over Athens, the mean color index values range between 0.1 and 1, confirming the intensification of the event for altitudes below 5500 m. Color index values close to 1 are observed between 2000 and 4000 m and can be indicative of the presence of slightly smaller particles as a result of eventual mixing between dust and maritime/and or continental aerosols over Athens. Lidar ratio profile is available only for the night of 1 September. They range between 40 and 60 sr inside the dust layer (between 4200 and 5200 m) and are consistent with the mean value of 50 sr observed over Thessaloniki two days before (Fig. 7) .
Evolution of the aerosol backscatter coefficients at 532 nm
Summary and conclusions
During the summer months high AOD values of 0.6 at 355 nm are systematically observed over the Eastern Mediterranean. These high values are mostly related to longrange transport of aerosols (desert dust, biomass burning, pollution) rather than local sources. The dust event presented highlights how the synergy of lidar, sunphotometer measurements, trajectory analysis and model calculations can improve our ability to determine the optical properties of Saharan dust in the area under highly complex aerosol conditions.
The spatial and temporal evolution of a Saharan dust outbreak during 30-31 August 2003 has been studied in detail using coordinated measurements by three lidar systems over Greece located at Thessaloniki, Athens and Finokalia, Crete. The circulation pattern captured is not common for the Mediterranean. Various aerosol layers originating from the Saharan dust region were observed over Greece with all three lidar systems until they finally collapsed and became mixed with aerosols from the PBL. Although the air masses over Athens had a different route and thus different spatial evolution than the ones reaching Thessaloniki and Finokalia, the dust particles originate from the same source located in the Western Saharan region.
The desert dust layer observed over Thessaloniki in the afternoon of 30 August 2003 arrived over Finokalia, Crete, some hours later and then faded into the PBL during the early morning hours of the next day. The differences in the observed backscatter coefficients between the two sites is due to the mixing with aerosol originating from Northern Greece and Turkey, since the model estimates for the dust concentration over Finokalia suggest smaller dust loading than the ones over Thessaloniki. Estimates of the dust load with the DREAM model and back-trajectory analysis with HYSPLIT confirm the discrete evolution of the events.
During the dust event over Thessaloniki the LR at 355 nm was found to be about 50 sr, representative for rather spherical mineral aerosols. During the fade out of the event, smaller LR values less than 20 sr were found over Thessaloniki on 31 August and over Athens on 1 September, indicating that mineral dust should have been strongly diluted by mixing with maritime aerosols. Mixing of dust with aerosol from other sources commonly occurs over Greece and impedes the separation of dust in the aerosol profiles which are extremely case sensitive, showing that the case could imply large uncertainties if it is treated in a statistical way. Multi-wavelength lidar and sunphotometric measurements are thus essential for the calculation of the microphysical aerosol properties in the vertical, in order to increase our ability for the better characterization of the aerosol type.
